Two approaches to increasing the current in the amorphous silicon top cell of an amorphous silicon/ microcrystalline silicon (a-Si:H/pc-Si:H) tandem cell are presented. Our goal is to raise the stabilized efficiency of such cells.
Introduction
Micromorph cells, i.e. amorphous silicon/ microcrystalline silicon (a-Si:H/pc-Si:H) tandem cells, are continuously gaining in interest as promising thin-film silicon solar cells. 10.7% stabilized efficiency has been achieved so far [I] (as confirmed by the Fraunhofer lnstitut for Solare Energiesysteme, Freiburg/Germany).
There is potential for a further increase of the stabilized efficiency for such micromorph tandem cells both from the p-Si:H and from the a-Si:H cell point of view. In order to raise the efficiency, the basic problem of combining a high-current but low-voltage pc-Si:H bottom cell with a low-current but high-voltage a-Si:H top cell must be resolved. In this paper, we focus on the optimization of the a-Si:H top cell with respect to this problem.
As a microcrystalline p-i-n cell can provide a current of at least 26mA/cm2, the top cell should generate at least 1 3mA/cm2 in order to obtain current matching conditions. In this work, we present results on a-Si:H cells deposited at high substrate temperatures where the current generation is enhanced due to a reduced optical gap of the i-layer. These cells are inserted as top cells into micromorph tandem cells. Finally, we combine these reduced-gap top cells with a selectively reflecting ZnO interface layer for a further increase in current.
Top cells with high-temperature i-layers
We deposited a series of intrinsic a-Si:H layers at different substrate temperatures using the Very High Frequency Glow Discharge (VHF-GD) technique at 70MHz. The optical gap of the material decreases for increasing substrate temperature during deposition. Fig.1 . shows the absorption coefficient CI for three different substrate temperatures as determined by Photothermal Deflection Spectroscopy (PDS) and transmission/reflection measurements. There is an almost parallel shift of the absorption spectrum towards lower energies with increasing substrate temperature. The decrease of the optical gap correlates with a decrease of the hydrogen content in the films from gat.% at 220°C to 6at.% at 330°C
(not shown).
We incorporated these high temperature materials as the absorbing layers in single-junction p-i-n cells. The doped layers (p-as well as n-type) were deposited at 270°C (standard substrate temperature).
The reduced optical gap of i-layer material deposited at high substrate temperatures results in an enhancement of the spectral response (SR) for red light when this material is insetted as the i-layer into a p-i-n cell. Fig.2 . shows SR curves (measured under short circuit conditions) for two single-junction p-i-n cells deposited at substrate temperatures of 300°C and 330°C normalized to the SR of a "standard" p-i-n cell at 270°C. One clearly observes an increase of the SR in the long wavelength-region due to the increased absorption coefficient (Fig.1.) of the i-layer material deposited at high temperature. At 700nm, the spectral response is increased by 20% for the 330°C cell as compared to the "standard" 270°C cell. thick single-junction p-i-n cells with i-layers deposited at 300 and 330°C from undiluted silane normalized to the SR(0V) of a cell deposited at 270°C. In order to exclude experimental variation due to the reflectivity of the back contact, all 3 samples were contacted in the same run with silver contacts.
We therefore developed amorphous PAL-i-n cells containing i-layer material deposited at higher than standard substrate temperature [5] showing good Vm and FF values due to an optimized p-i-interface layer (IL). Vm values as high as 820mV and fill factors of over 70% could be obtained for i-layer deposition temperatures of up to 330°C when employing this interface layer. This interface layer also avoids losses in current due to a reduced SR in the blue wavelength region (Fig.3.) .
The increase in current due to the reduced optical gap of the i-layer is even more pronounced when such cells are employed as top cells in micromorph tandem cells. Fig.3 . shows the SR curves for top cells of micromorph tandem cells where the top cell i-layer has been deposited at three different substrate temperatures. The current increases from 11 .9mA/cm2 (220%) to 12.2mA/cm2 (270°C) and is 13.1mA/cm2 at 330°C, see also Fig.6 . 
Z n 8 intermediate layer
As a second means to enhance the current generation in the amorphous top cell, a ZnO intermediate reflector layer was inserted in between the top and bottom cell (Fig.4.) . Such a layer [3] acts as a wavelength-selective mirror due to positive and negative interference if its thickness is properly adjusted. In the case of micromorph tandem cells, it should reflect green and partially red light, which has not been absorbed in the first pass, back into the top cell whereas infrared light should be transmitted directly into the microcrystalline bottom cell. This bears the possibility to enhance the top cell current density or, alternatively, to generate the same current density within a thinner top cell. 
l o p cell current enhancement
Finally, we incorporated these high-Ts PAL-i-n cells as top cells in micromorph tandem cells. Fig.6 . shows current densities of such micromorph top cells deposited at 330°C (e) in comparison to "standard" top cells, deposited at 270°C (m), and for different top cell i-layer thicknesses in the initial state. The gain in current for a given i-layer thickness is on the order of 0.8mA/cm2 when going from "standard" temperature top cells to high-temperature p/lL-i-n top cells.
A top cell current of 13mA/cm2, as would be necessary to match a total cell current of 26mA/cm2, is available with a high-Ts top cell of about 250nm thickness, whereas one needs a "standard" temperature top cell of around 400nm thickness in order to obtain this current (Fig.6.) .
Also shown in Fig.6 . are examples of cells coniaining ZnO selectively reflecting mirror layers (open symbols). The increase in current density due to the ZnO layer is on the order of 10% for both deposition temperatures. A cell with a ZnO reflecting layer generates with roughly 2/3 of the i-layer thickness the same current as a cell without reflecting layer. 
Q
The combination of a high-temperature amorphous top cell with a selectively reflecting ZnO layer allows for a current density as high as 13mA/cm2 in the top cell with only 150nm i-layer thickness, as is demonstrated in Fig.6 . Thus, an only 150nm thick amorphous cell can match the current density of a micromorph tandem cell with a total available current of 26mA/cmZ while a conventional amorphous top cell needs more than the double thickness.
Due to the connection between thickness and stability of an amorphous cell, such thin amorphous top cells can be expected to show improved stability as compared to standard top cells providing the same current densities. This issue is addressed in the following section.
Effect on stability
Semi-empirical modeling [2] allows us to predict the influence of the ZnO intermediate layer and hightemperature top cells on the stabilized tandem cell efficiency (Fig.7.) . We assumed for the high-Ts p/lL-i-n cell at 330°C the experimental value for the stabilized Vm of 0.78V and in a first approximation the same FF as a function of the i-layer thickness as for the standard cells which has shown to be a reasonable assumption. The modeling procedure is described in more detail in [2]. Fig.7 . shows that the high-Ts p/lL-i-n cell is expected to yield a slightly higher stabilized efficiency in a micromorph tandem cell than a "standard" cell, in spite of its Vm which is 0.06V lower than that of the "standard cell. Insertion of a selectively reflecting ZnO layer results for both top cell types in a remarkable increase of the stabilized efficiency and a shift of the optimum top cell thickness to smaller values as higher current density values are obtained with thinner cells. Fig.7 . shows furthermore that a combination of a high-current top cell with a ZnO interface layer has the highest potential to improve the stabilized efficiency of micromorph tandem cells. The optimum of the stabilized efficiency appears for very thin top cells, i.e. around 150nm i-layer thickness and current values close to matching conditions. IJc,bonm=l 1 .2mA/cm2. It is important to note that a current of more than 13mA/cm2 can be obtained after stabilization with such a thin amorphous top cell. The FF of the tandem cell may be somewhat misleading due to the current mismatch. For a tandem cell closer to matching conditions, it can be expected to be slightly lower [7] .
Conclusions
We have demonstrated two methods to enhance the current density in the top cell of micromorph tandem cells. The deposition of the amorphous top cell i-layer in a micromorph tandem cell at high subsrrate temperature reduces the optical gap and increases thereby the current generation for a given i-layer thickness. The detrimental effects of the i-layer deposition at increased temperature can be counteracted by the insertion of an interface layer at the p/i-interface.
A selectively reflecting ZnO interface layer inserted between the both component cells further enhances the current density in the amorphous top cell.
The combination of both measures yields a micromorph top cell which generates with only 150nm ilayer thickness a current density of 13mNcm2. This means a reduction to less than 50% of the necessary thickness for a "standard" top cell.
Such thin amorphous top cells can be expected to show enhanced stability against light-soaking which is confirmed by preliminary experimental results.
